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Introduction to INSPIRE Center
4Center Composition
• Geographically Distributed 10 Partners
5Center Expertise
• Diverse and Interdisciplinary Investigators
Civil Engineering





To transform in representative demonstration 
cases the current labor-intensive, inconsistent, 
and expensive inspection and maintenance 
process into an efficient, safe, reliable, and 
cost-effective management system for 
structures, making a paradigm shift from ad hoc 
local processes to a data-driven decision-
making protocol. 
The transformative process involves basic, 
advanced, and applied research in sensing, 
nondestructive evaluation (NDE), data analytics, 
robotics, and workforce development.
7Quarterly Webinar Series
• Objectives
To share the research outcomes and progress 
among consortium institutions and 
agencies/enterprises who are providing the 
center matched funds.
To exchange ideas with invited guest speakers 
specializing in the research topics relevant to 
the INSPIRE UTC.
To disseminate relevant technologies into the 
research and engineering community.
To support the general education and workforce 
development.
8Center Vision
• A Framework of Bridge Preservation with 
Integrated Visual Inspection, Sensing, NDE 




























• Monitoring of Representative Bridges
Similar and symmetric configuration of bridges





• Climbing and Flying Robots
High resolution camera for surface inspection
Microwave camera for internal inspection
Other NDE devices and tools
• Robotic Arm on UAV
 Inspection of Fracture Critical Members
 Tapping and recording sounds
 Scrapping corrosion surfaces
 Nondestructive tests
Local Repair of Elevated Structures
 Painting on steel members
 Brushing or air blowing to clean surfaces




• Integrated NDE and Sensing Technology
Surface and interior inspection of all structural 
elements with cameras and devices underneath 
bridge decks for qualitative assessment
Monitoring of representative bridges and elements 
to quantify structural deterioration/damage



















































Qualitative Assessment with Image Quantitative Assessment with Sensor
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Center Vision
• Combined Data Analytics and Visual Exams 
in Decision Making





















































• Point of Contact
Amy Gillman, Administrative Coordinator
• Location
112 Engineering Research Laboratory
Missouri University of Science and Technology




Problem Statements in 
Condition Assessment
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Structural Behaviors of Bridges
• Under Environmental Effects
Delamination
Rebar corrosion
Corrosion is the No. 1 reason for 
expensive annual maintenance costs 
of transportation infrastructure.
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Structural Behaviors of Bridges









Riveted to Each 
Side of the Web of 
the Strut
99/05 Blanchette Bridge Stringer 
Crack- Fatigue and Fracture
1/22/03 Paseo Suspension Bridge Collapse, 
Kansas City, MO - Fatigue and Fracture
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Structural Behaviors of Bridges
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Inconsistent Visual Inspection
• Visual inspection is labor intensive and subjective, 
resulting in inconsistent and less reliable bridge 
element ratings.
Moore et al. (2001), “Reliability of Visual Inspection for Highway Bridges”, Report FHWA-RD-01-020, 
FHWA, Washington, D.C. (http://www.fhwa.dot.gov/publications/research/nde/01020.cfm)
19
Problem Statements
• Manual inspection and maintenance of highway 
bridges becomes one of the most costly operations 
in state Departments of Transportation (DOTs).
• Quantification of structural deterioration or 
damage is a challenge with visual inspection in 
practice. Thus, the exclusive use of visual 
inspection data in bridge rating may be misleading.
• Advanced sensing technologies can supplement 
mission-critical data to more qualitative visual 
inspection data, thus improving the reliability of 
bridge rating.
• Limit states such as crack, corrosion, scour, 
buckling, yielding, fatigue and fracture needs to be 
monitored for quantitative evaluation.
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Objectives of This Presentation
• Introduce a lab-on-sensor concept as a key 
component for structural behavior 
monitoring
• Characterize example lab-on-sensor 
designs for crack, corrosion and scour 
detection and mission-critical data 
measurement
• Illustrate the effectiveness of example lab-






• A structural behavior is an outcome of the 
combined effect of many factors. As an 
example, corrosion in steel reinforcing bars in 
concrete could be affected by moisture, 
temperature, oxygen, chloride environment, 
concrete cover permeability, etc. 
• Unless the effects of all factors are known, the 
corrosion level of steel bars is difficult to 
quantify directly.
• If the corrosion in steel bars is extended to a 
sensor to be designed, the corrosion process 
of the sensor can be accurately evaluated and 







• For each mechanical or electrochemical 
behavior, the lab-on-sensor theory includes 
three steps:
Extension of the behavior from a structural 
element to its nearby deployed sensor with a 
special mechanism,
Calibration of the sensed parameter with the 
behavior of the sensor mechanism, and
Correlation of the behavior of the sensor 




• The lab-on-sensor theory can be 


























• The lab-on-sensor theory can be 
characterized by:
Memory feature for the worst deterioration or 
damage due to the introduction of a sensor 
mechanism.
Minimum data interpretation in applications due 






Coax Cable Crack Sensor
27
Coax Cable Crack Sensor
• Sensor, Installation and Crack Mechanism
Coax Cable Sensor
Crack Transfer Mechanism Realization
Steel spiral separation
(Patent No. 7,421,910, Granted on September 9, 2008)
28
Coax Cable Crack Sensor
• Electric Time Domain Reflectometry (ETDR)
Coaxial cable
Digital sampling 
oscilloscope with a 
SD-24 TDR 
sampling head
Incident voltage step Reflected voltage step
Distance between points of
monitoring and discontinuity
Measurement of Topology-based Sensor
Current flow path
Partial separation of spirals
29
Coax Cable Crack Sensor













Coax Cable Crack Sensor
• Sensitivity and Variation


















































Coax Cable Crack Sensor






Coax Cable Crack Sensor
• Explanation for Memory Feature
Separation and Resultant Misalignment of 
Spirals under Dynamic Loading
33
Coax Cable Crack Sensor
• Explanation for Memory Feature
Effect of Crack Width (>0.25 mm crack shown 
only)
34
Coax Cable Crack Sensor
• Explanation for Memory Feature
Effect of the Number of Cycles
35
Coax Cable Crack Sensor
• Validation with Full-Scale Column Tests
Crack at 0.5 m penetrated grouting 
material and crossed sensor
36
Coaxial Cable Crack Sensors
• Earthquake-Induced Concrete Cracks
Crack at 0.25 meters did 
not cross embedded 
portion of sensor
Crack at 0.5 meters 
penetrated grouting 
material and crossed 
sensor
Crack at 1.2 meters did 
not penetrate grouting 
material
Crack at 1.45 meters did 
not penetrate grouting 
material
37
Coaxial Cable Crack Sensors




Coax Cable Crack Sensor
• Sensor Installation on Dallas County Bridge







Coax Cable Crack Sensor
• Difference of Signals Taken at Two Load 




Coax Cable Crack Sensor
• View of an Exposed End of a Coaxial 





Coax Cable Crack Sensor
• Summary
A topology-based coax cable enables the 
detection of distributed cracks (both size and 
location) through the separation of spirals as 
outer conductor of the cable.
An electrical time domain reflectometry (ETDR) 
measurement gives both severity and location 
of multiple cracks.
Memory feature gives dual and thus more 
reliable measurements of cracks (or detection 
of corrosion, not presented here!)
Coax cable sensors are scalable to real world 
structures subjected to static and dynamic 
loading.
42
Coax Cable Crack Sensor
• Summary
 The crack sensors proved to be rugged and durable, 
surviving over 20,000 cycles of loading in shake 
table tests.
 The sensors were demonstrated to be sensitive to 
cracking (≥ 133 mρ/mm), from visually undetectable 
to excessive crack, and able to accurately identify 
the location of cracks. The spatial resolution of 
these sensors was shown less than 5 cm.
 The sensors have a special “memory” feature under 
dynamic loading. Even after earthquake excitations 
were over, large cracks (> 0.25 mm) remained 
permanently discernable in the sensor signal while 
small cracks (< 0.20 mm) remain detectable in the 
signal typically after no more than 15 cycles of 
loading.
43
Coax Cable Crack Sensor
• Advantages
 Very rugged,
 Continuous in crack detection along each sensor,
 High in spatial resolution,
 Inexpensive in measurement instrument, and
 Fast in crack detection under dynamic loads.
• Potential Applications
 Monitoring inaccessible RC structures, such as pile and 
shaft foundations,
 Monitoring massive concrete structures such as dams, 
tunnels,
 Monitoring hidden cracks in RC columns retrofitted with 
steel, concrete, or fiber reinforced polymers (FRP) 
jacketing, and
 Recording damage that has occurred during a recent 
event such as earthquakes, explosions, and hurricanes.
Fiber Optic Corrosion Sensor
45
Long Period Fiber Gratings (LPFG)
46
Fiber Optic Corrosion Sensor
• Nano Iron Particles as a Corrosion 
Mechanism when Coated on LPFG
Ying Huang, Fujian Tang, Xiao Liang, Genda Chen, Hai Xiao, and Fardad Azarmi. “Steel Bar 
Corrosion Monitoring with Long Period Fiber Grating Sensors Coated with Nano Iron/Silica 
Particles and Polyurethane.” Structural Health Monitoring, Vol. 14, No. 2, pp. 178-189, Feb. 2015.
47




Sensor Calibration for Mass Loss
• Wavelength Change vs. Mass Loss
49
Sensor Application in Mortar
• Mortar Specimen with a Deformed Steel Bar
Materials Cement Sand Water







Sensor Application in Mortar
• Experimental Method
Electrochemical impedance spectroscopy
 Working electrode: steel bar 
 Reference electrode: saturated calomel electrode
 Counter electrode: platinum sheet
Optical spectrum analyzer (OSA)
51
Results Prior to Corrosion
• Wavelength Change
Specimens
Coating Thickness Original 
(nm)
After silver and 
Fe-C coating (nm)
After put in 
concrete (nm)Silver (nm) Fe-C (µm)
#3 650 5.8 1529.9 1562.7 1550.7
#6 650 10.2 1535.1 1569.9 1557.3
#7 1100 6.5 1544.3 1576.8 1564.7
#12 1100 9.6 1547.2 1572.0 1559.7
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Results after Corrosion
• Wavelength Change (Specimen #3)










































































Transmission spectrum Change of resonant wavelength 
− The resonant wavelength decreased rapidly in the first 7 days of test 
due to the penetration of NaCl solution through mortar cover and Fe-
C and silver layers, and then increased slowly to a stable value.
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Results after Corrosion
• Wavelength vs Mass Loss







































− Pitting corrosion occurred on the surface of the steel bar.
− The Fe-C layer corroded after corrosion tests.
Steel bar in mortar Fe-C coated LPFG
55
Summary
• Silver particles (125 nm) were distributed 
randomly in the inner layer, and Fe-C grains (27 
nm) were observed in the Fe-C layer.
• Two stages of resonant wavelength change 
were observed. The sudden drop was due to 
penetration of salt solution, and slow increase 
was attributed to the generation of corrosion 
products.
• Influence of both silver and Fe-C layer 
thickness on the change of resonant 
wavelength is insignificant.
• The change in wavelength of a Fe-C coated 
LPFG sensor is linearly related to the 
corrosion-induced mass loss. 
Smart Rock with Embedded Magnets
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The Smart Rock Monitoring Concept
• Field Agent Participating in Scour Process
The Concept
 Permanent magnets embedded in a concrete sphere
 Automatic roll down to the bottom of a scour hole
 Rock positioning through remote measurement of 
magnetic fields
Maximum Scour Depth Measurement
58
The Smart Rock Monitoring Concept
• Laboratory Validation on Smart Rock 
Performance
Test Setup at FHWA Hydraulic Engineering 
Laboratory
Genda Chen, Brandon Schafer, Zhibin Lin, Ying Huang, Oscar Suaznabar, Jerry Shen, and Kornel
Kerenyi. “Maximum Scour Depth Based on Magnetic Field Change of Smart Rocks for Foundation 
Stability Evaluation of Bridges.” Structural Health Monitoring, 14(1), pp. 86-99, Jan. 2015.
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The Smart Rock Monitoring Concept
• Laboratory Validation for Smart Rock
Test Results
 







∆1000 nT→17~20 cm 
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Design and Prototyping
• Automatically Pointing Upward System (APUS)
 Measurement apparatus set on the bridge deck
 Magnet orientated in gravity direction, reducing the 
effect of ferromagnetic substances
 Concrete encasement cast with a 36.83-cm-diameter 
mold with a concrete density of 1495 kg/m3





















• Effect of Deposit Resetting on Magnetic Field












• Effect of Deposit Resetting on Magnetic Field




• Effect of Steel Reinforcement on Smart Rock 
Operation
Bubble in the center when placed at 10 m away 
from the bridge pier
Bubble slightly deviated from the center, indicating 
a small inclination angle of less than 0.5°
The Prototype APUS Placed next to a Bridge Pier
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Deployment Issues
• Effect of Steel Reinforcement on Smart 
Rock Operation
Little effect on the localization of APUS
The Prototype APUS Placed on a Bridge Foundation
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Localization and Effectiveness
• Ambient Magnetic Field
in Absolute XYZ Coordinate System
Effect of the Earth and Surrounding 
Ferromagnetic Substances
Magnetic Field Vector BA
at Point Q with Three
Components [θ (0, π), φ(0, 2π)] 
Direct Measurement from 
a 3-axis Magnetometer
cos cosAX AB B  
cos sinAY AB B  
sinAZ AB B 
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Localization and Effectiveness
• Total Magnetic Field
 Effect of the Earth, Ferromagnetic Substances, and the Magnet
 Direct Measurement from a 3-axis Magnetometer, ??
???
 Prediction from Magnet BM and Ambient BA:
 BT = BT (BA, θ, φ, k, XM, YM, ZM, 
α, β, γ, X, Y, Z) at  Point Q(X, Y, Z)
 Given k, θ , φ and BA at Q(X, Y, Z),
BT = BT (XM, YM, ZM, α, β, γ)
 Magnet’s effect:
( ) 2 2 2( ) ( ) ( )PT MX AX MY AY MZ AZB B B B B B B     
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 Known Orientation for an APUS (α=1.5π, β=0, and γ=0)
 Error Function (Square Root of the Sum of the Squared)
 Minimization of the Error Function
( ) ( ) 2
1
( , ,Z ) [ ]
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M M M Ti Ti
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
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• I-44W Roubidoux Creek Bridge, MO
10-span Steel-girder Bridge
Pier 7 - Scour Critical in Main Channel
More Severe in Downstream
70
Field Test Demonstration
































































Set a Cartesian Coordinate System O-XYZ
 Point A- benchmark for reference at Pier 9
 Total station set at Point O
 Point O – origin of the O-XYZ
 Y-axis points to Springfield 
(longitudinal/traffic direction)
 X-axis points to downstream 
(transverse direction) 



































Measure the Ambient Magnetic Field
 Magnetic field from the Earth and ferromagnetic 
substances
 Total 42 points:  two paths (P1 and P2) in X-direction, 
three stops (S1, S2, and S3) in Y-direction, and seven 























Measure the Total Magnetic Field Intensity 
Following the Same Steps as Used for the 
Ambient Magnetic Field Intensity Measurement




Map the Riverbed Profile
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Field Test Demonstration
• Results - 1st and 2nd Series of Field Tests
Measurement 
Point 
Coordinate (m) AMF Intensity (104 nT) Total Intensity (104 nT) 
Xi Yi Zi ( )MAXB  ( )MAYB  ( )MAZB  ( )MTB  
S1P1 
E1 3.85 21.79 -1.00 2.278 0.102 -4.891 5.322 
E2 3.82 21.61 -0.70 2.241 0.174 -4.900 5.335 
E3 3.81 21.63 -0.41 2.242 0.223 -4.895 5.345 
E4 3.81 21.67 -0.12 2.244 0.237 -4.891 5.354 
E5 3.79 21.56 0.19 2.241 0.232 -4.891 5.362 
E6 3.79 21.51 0.49 2.287 0.335 -4.867 5.369 
E7 3.83 21.55 0.80 2.263 0.240 -4.878 5.370 
S1P2 
E1 2.07 21.87 -0.99 2.278 0.167 -4.893 5.327 
E2 2.06 21.78 -0.72 2.278 0.167 -4.893 5.372 
E3 2.06 21.81 -0.40 2.246 0.280 -4.911 5.407 
E4 2.00 21.67 -0.10 2.245 0.286 -4.918 5.437 
E5 2.07 21.70 0.19 2.240 0.271 -4.929 5.458 
E6 2.08 21.63 0.47 2.246 0.293 -4.938 5.470 
E7 2.08 21.61 0.78 2.250 0.324 -4.948 5.490 
S2P1 
E1 3.84 24.51 -1.00 2.247 0.216 -4.873 5.288 
E2 3.83 24.50 -0.74 2.256 0.248 -4.861 5.296 
E3 3.81 24.42 -0.39 2.241 0.254 -4.862 5.307 
E4 3.79 24.32 -0.11 2.288 0.279 -4.835 5.318 
E5 3.80 24.39 0.18 2.237 0.280 -4.855 5.327 
E6 3.80 24.37 0.47 2.248 0.271 -4.848 5.334 
E7 3.79 24.29 0.78 2.235 0.279 -4.851 5.342 
S2P2 
E1 2.07 24.57 -1.00 2.295 0.441 -4.798 5.258 
E2 2.01 24.45 -0.71 2.285 0.493 -4.785 5.323 
E3 2.04 24.49 -0.40 2.268 0.568 -4.781 5.359 
E4 2.04 24.48 -0.11 2.233 0.524 -4.819 5.387 
E5 2.03 24.40 0.19 2.233 0.496 -4.837 5.417 
E6 1.96 24.20 0.50 2.224 0.519 -4.856 5.438 
E7 2.08 24.30 0.80 2.230 0.555 -4.866 5.445 
S3P1 
E1 3.84 27.69 -1.03 2.149 0.225 -4.899 5.320 
E2 3.84 27.67 -0.74 2.154 0.240 -4.895 5.323 
E3 3.79 27.59 -0.41 2.158 0.269 -4.891 5.326 
E4 3.84 27.58 -0.12 2.175 0.253 -4.884 5.327 
E5 3.84 27.55 0.19 2.186 0.274 -4.873 5.331 
E6 3.85 27.52 0.47 2.178 0.258 -4.878 5.334 
E7 3.84 27.45 0.76 2.176 0.339 -4.869 5.334 
S3P2 
E1 2.13 27.59 -1.02 2.084 0.523 -4.928 5.326 
E2 2.11 27.30 -0.72 2.089 0.529 -4.927 5.336 
E3 2.04 27.21 -0.41 2.108 0.545 -4.920 5.345 
E4 2.04 27.31 -0.12 2.105 0.537 -4.927 5.359 
E5 2.03 27.26 0.19 2.128 0.536 -4.925 5.375 
E6 2.09 27.36 0.47 2.153 0.579 -4.912 5.388 




Coordinate (m) AMF Intensity (104 nT) Total Intensity (104 nT) 
Xi Yi Zi ( )MAXB  ( )MAYB  ( )MAZB  ( )MTB  
S1P1 
E1 3.83 21.77 -1.00 2.294 0.102 -4.925 5.375 
E2 3.82 21.66 -0.71 2.256 0.175 -4.935 5.385 
E3 3.80 21.61 -0.41 2.258 0.225 -4.929 5.395 
E4 3.80 21.65 -0.12 2.260 0.239 -4.926 5.404 
E5 3.76 21.51 0.18 2.257 0.234 -4.925 5.409 
E6 3.79 21.56 0.47 2.303 0.337 -4.901 5.416 
E7 3.81 21.53 0.79 2.279 0.242 -4.912 5.419 
S1P2 
E1 3.83 24.54 -1.00 2.263 0.218 -4.908 5.318 
E2 3.87 24.42 -0.74 2.271 0.250 -4.895 5.342 
E3 3.80 24.40 -0.40 2.257 0.256 -4.896 5.361 
E4 3.75 24.34 -0.13 2.304 0.281 -4.869 5.375 
E5 3.82 24.37 0.19 2.252 0.282 -4.889 5.385 
E6 3.78 24.34 0.47 2.264 0.273 -4.882 5.393 
E7 3.75 24.23 0.77 2.251 0.281 -4.885 5.396 
S2P1 
E1 3.85 27.66 -1.02 2.164 0.227 -4.933 5.339 
E2 3.84 27.62 -0.73 2.169 0.242 -4.929 5.347 
E3 3.75 27.57 -0.42 2.173 0.271 -4.925 5.355 
E4 3.84 27.50 -0.12 2.190 0.254 -4.918 5.362 
E5 3.85 27.58 0.19 2.201 0.276 -4.907 5.367 
E6 3.83 27.54 0.47 2.193 0.260 -4.912 5.372 
E7 3.85 27.49 0.77 2.191 0.342 -4.903 5.374 
S2P2 
E1 2.05 21.86 -1.00 2.294 0.168 -4.928 5.405 
E2 2.07 21.72 -0.72 2.294 0.168 -4.928 5.433 
E3 2.06 21.88 -0.42 2.261 0.281 -4.945 5.456 
E4 2.08 21.68 -0.11 2.261 0.288 -4.953 5.476 
E5 2.07 21.62 0.19 2.256 0.273 -4.964 5.493 
E6 2.06 21.61 0.47 2.261 0.296 -4.973 5.509 
E7 2.07 21.62 0.78 2.265 0.326 -4.982 5.522 
S3P1 
E1 2.07 24.55 -0.99 2.311 0.444 -4.832 5.590 
E2 2.01 24.41 -0.71 2.301 0.497 -4.818 5.580 
E3 2.07 24.43 -0.41 2.284 0.572 -4.814 5.571 
E4 2.08 24.46 -0.11 2.249 0.527 -4.853 5.560 
E5 2.09 24.47 0.20 2.249 0.499 -4.871 5.547 
E6 2.09 24.20 0.49 2.239 0.523 -4.890 5.544 
E7 2.09 24.32 0.79 2.245 0.559 -4.900 5.539 
S3P2 
E1 2.14 27.57 -1.01 2.099 0.526 -4.963 5.372 
E2 2.13 27.32 -0.72 2.104 0.532 -4.962 5.392 
E3 2.06 27.23 -0.40 2.123 0.549 -4.955 5.411 
E4 2.04 27.37 -0.12 2.120 0.541 -4.962 5.427 
E5 2.05 27.25 0.18 2.143 0.540 -4.959 5.442 
E6 2.11 27.31 0.47 2.168 0.583 -4.947 5.455 




• Summary Results of Three Series of Tests
Predicted and Measured Locations of SR1
Prediction Accuracy of SR1 Movement
Displacement
1st to 2nd series of tests 2nd to 3rd series of tests
ΔXM (m) ΔYM (m) ΔZM (m) Total (m) ΔXM (m) ΔYM (m) ΔZM (m) Total (m)
Predicted 0.49 0.89 ‐0.18 1.04 ‐0.55 ‐1.65 0.62 1.85
Measured 0.28 1.37 ‐0.34 1.44 ‐0.37 ‐1.97 0.51 2.06
Difference 0.21 ‐0.47 0.16 ‐0.40 ‐0.19 0.32 0.11 ‐0.21
Test Date
Predicted Coordinate Measured Coordinate SRSS Prediction
Error (m)XM (m) YM (m) ZM (m) XM (m) YM (m) ZM (m)
11/06/15 (1st) 0.06 23.49 ‐3.03 0.09 23.24 ‐3.04 0.26
04/14/16 (2nd) 0.55 24.38 ‐3.21 0.37 24.60 ‐3.38 0.33
10/20/16 (3rd) 0.00 22.73 ‐2.59 0.00 22.63 ‐2.87 0.30
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Field Test Demonstration
• Riverbed Profile Change with SR1 Movement 
 During 2nd Series of Tests       During 3rd Series of Tests
80
Summary on Smart Rock Performance
• The smart rock concept has been 
introduced and implemented at the I-44W 
Roubidoux Creek Bridge site for the 
measurement of scour depth.
• The smart rock measurement is not affected 
by the resetting of deposits, memorizing the 
maximum depth.
• The smart rock localization algorithm has 
been validated at the bridge site with 
satisfactory results (< 0.5 m).
• Future study will be directed to replace the 




• The lab-on-sensor concept is effective in 
providing engineers with mission-critical data 
that can be directly applied in bridge rating.
• The ability to quantify structural behaviors will 
satisfy both academic quests for scientific 
explorations and pragmatic needs for retrofit 
designs in deteriorated bridges.
• The coax cable crack sensor has been proven 
in laboratory and field conditions in bridge 
applications.
• The smart rock concept has been proven in 
laboratory and field conditions and can be 
used to monitor bridge scour in real time.
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